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Robb Thomson (Session Chairman): In the few minutes we have left before adjourning 
this session, I'd like to review briefly various points that have been made this 
morning. The development of a failure predictive technology evidently involves 
a proper combination of several ingredients. These include a quantitative 
measurement capability, a proper description of the mechanisms of failure, a way 
to combine these elements into a probabilistic failure predictor that takes 
account of the variance in both the above quantities, a way to include a priori 
data that may exist which will help to sharpen the prediction, and finally, a 
way so that management choices (which govern the cost-risk tradeoffs) can be 
injected into the predictions. This morning we have heard a number of talks 
relating to one of the above items, i.e., the mechanisms of failure in metallic 
materials with an emphasis upon fatigue processes including fatigue initiation, 
crack growth mechanisms, and complications that are introduced by consideration 
of the fully plast.ic problem. 
In order to help focus our discussion, I would like to suggest that we consider 
three elements that must be considered in our development of a realistic, failure-
predictive set of procedures for metallic materials. These might be labeled 
deterministic, probabilistic, and a category called surprises. In the deter-
ministic category, we might include fatigue crack initiation, coalesence, crack 
growth and topics related to plastic treatments; in the probabilistic category 
we have such things as materials variability, statistical variances in essentially 
all the deterministic properties, and non-programmed effects of environment and 
loads; in the surprise category, we might expect unexpected complications in 
all the above and we might find some "lucky" alternate paths that would enable 
solutions to.be found more easily. With these categories in mind, let us get 
into discussion. 
Don Thompson (Science Center): I would like to address the deterministic category 
and to try to relate it to the probabilistic requirements. In particular, how 
accurate and comprehensive does a deterministic model of failure have to be in 
order to yield a good probabilistic model? 
Charles Rau (Failure Analysis Associates): One of the things in the combined analysis 
approach which we have been using minimizes the sensitivity to getting the cor-
rect deterministic model. Of course, you want to have as good a model as you 
can get because your overall predictive system will be better. For example, we 
have done a Monte Carlo simulation of a flaw population where we assumed the 
analyst got the cracking mechanism altogether wrong. He thought it was fatigue, 
and it was stress corrosion. So, he had a crack exponent of three, where it 
should have been six. I mean, he really botched the engineering model alto-
gether. However, the retirement-for-cause analysis still worked very well with 
the bomined analysis. It didn't work as well as it would have with the right 
model; he saved a factor of three in total cycle costs whereas he could have 
saved a factor of five if he had the right model. I don't mean to downplay it, 
but I would like to indicate that even in those circumstances where we can't get 
at the determination of the uncertainties, and by paying attention to the field 
data and retirement-for-cause strategy, you can get by with a lot of uncertainty. 
Robb Thomson (Nat. Bureau of Standards): Could you come a little closer to this in 
the case of the fatigue problem in high-strength steel. Where do you need 
better data? Would better understanding give you better, refined statistical 
results? 
Charles Rau: The key thing, I think, in most of these predictive models is to get the 
stress-dependence (or whatever parameters are driving the crack) right. In other 
words, if you worry about the fatigue of high-strength steels, it's important to 
know whether the environment changes the K dependence or stress dependence from 
three to four to six or whether your stress corrosion rate becomes almost K 
independent. If you think your stress dependence is six and the threshold is 
really in a flat range where it's almost independent of stress, your model is 
going to be really way off and then you can really get into trouble. I think 
the key thing is to identify the functional relationship between the key engi-
neering parameters and not necessarily to get the absolute scale factor right. 
Robb Thomson: Any other comments along that line? 
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Jim Carson (AFOSR): Le"t me pose another question and make some comments along related 
lines, primarily to the fracture mechanics people. Let's assume that you can 
measure the length of a crack and the depth and its orientation and any other 
characteristic you would like. My question is: how much do you need in order 
to make some kind of reasonable prediction? Or more specifically, what do you 
need in order to feel comfortable in making that prediction. In looking at the 
kinds of cracks that Charlie Rau pictured, which were fairly nasty-looking 
things, we don't even necessarily know they were fatigue cracks. They could 
have been cracks that were produced during the manufacturing of the part, and 
may have been in an orientation which was not in fact critical. That's a 
possibility. I see a head shaking. In any case, I think that's a question that 
needs to be addressed too. There are certainly some cracks which were not 
fatigue cracks which will be detected, and then you need to determine whether 
they are important or not. 
Mike Buckley (ARPA): If I could just make a comment on the surprises you had down 
there. One way of reducing the uncertainty is, in the case of the engine disk 
question, to monitor the engine itself in service - its temperature, its RPM's -
so that we have a much better measure of a load cycle fatigue that is accumulated. 
We can reduce the surprises quite a bit by looking at the engine as a system, 
for example, and by expanding our horizons past just that component. 
Robb Thomson: I'm glad you focused on that, Mike. I also feel this is certainly one 
of the major directions you want to be able to go. Of course, it poses a whole 
set of new problems itself in cost and what parts you want to monitor, and there 
are a number of probabilistic aspects there, too, e.g. how often you read the 
meters, how often do you get the red light, and so forth. 
Mike Buckley: I'll just make a comment. I think that we will have an agreement with 
the Australians to instrument TF-JO's in Australia and also to look at retirement-
for-cause strategy on F-lll's. The nice part is they are a very small organization 
and we probably can get very good data. 
Robb Thomson: Mike, can I ask you a question? What is your sense of the breakdown 
between the periodic inspection that Charlie Rau spoke of versus the actual real 
time inspection cf theJ sort that you're menti'.lning. Anc·ther aspect of that 
question is: there is a testing problem. Is there anything besides accustic 
emission that looks like it's a possible practical tool in :::-.;al time? 
Mike Buckley: I was primarily referring to monitoring the engine conditions, which is 
state-of-the-art and which you can do. If you had a system for maintaining the 
engine which was flexible, then you could have a self-optimizing maintenance 
approach to the whole problem. 
Robb Thomson: This is actually a third one. 
Mike Buckley: That's right. But that takes a very flexible organization which can 
manage their engines and air frames. It's very complicated. Besides acoustic 
emission we do have a system flying in Australia, which you probably heard about. 
Sometime we can talk about why we do business with the Australians. An adap-
tive maintenance thing, a maintenance-for-cause philosophy, can be extremely 
cost-effective, it seems to me. The hardest problem is probably the actual 
logistics of it, how you implement it. I think it would fit. Charlie has 
modeled it very nicely. 
Charles Rau: First I would like to answer the question because I think it gives me a 
chance to make a point that is important. You asked basically what parameters 
we really need to measure to make a cost-effective decision. I think maybe that's 
obvious if you stare at these equations, but the key point is that you have to 
measure more than just the minimum size defect you can find some of the time. 
Obviously, you can identify the critical areas which is done by stress analysis 
and the fracture mechanics predictions of defects in those areas. There is no 
reason to inspect everything. At least not in the same detail. That's obvious. 
But assuming you have identified the critical areas, it's also important to specify 
and to quantify the inspection reliability of whatever NDE technique you're using 
as well as its resolution capabilities. And people I think in your industry--
! guess it's kind of mine now, too--don't do as much of that, I think, as we 
ought to. And I also think we need to know those numbers not only under the ideal 
laboratory conditions but under the realistic conditions on the wing or in the 
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shop, wherever the inspection process is going to be defined. I think the people 
who are designing new systems, new probes, have to be consciously thinking about 
the specific application it may eventually be applied to if in fact we are really 
going to get the inspection reliability to a level which makes it useful. 
Fred Morris (Science Center): Let me make a small commercial for probabilistic initi-
ation models. We have to remember at least in design terms that design problems 
can be divided into two classes--safe-life and fail-safe designs. In fail-safe, 
where you plan never to do an inspection, of course, it's crucial to understand 
the initiation behavior, and that's particularly where initiation-based probabi-
listic models shine. But in safe-life designs there are several areas where the 
potential power of probabilistic failure models manifests itself, aside from 
models that can be developed from periodic inspections of critical components. 
These include loading conditions in structures where the failure probabilities 
are determined by very low probability events. Another point of concern is the 
discontinuous nature of multiple crack coalescence in which you can go from 100 
micron cracks to 1,000 micron cracks - an incredible jump in size over a very few 
cycles. The statistics at which that occurs, of course, are of enormous interest. 
It may be a rare phenomenon, but it's a rare phenomenon that brings a plane down 
under certain conditions. Probabilistic models can also provide guidance with 
respect to materials variability. If you have been making everying out of sheet 1 
and sheet 2 comes in the door, there may be enormous effects of microstructure 
on the failure process. Probabilistic failure models that relate the micro-
structure of the material to performance characteristics are particularly 
important. A somewhat related problem is that of predicting the effects of a 
fleet duty cycle. Again, appropriate failure models may be able to make a predic-
tion as to what that change in duty cycle will do to the statistics of the failure, 
and that's something very often you won't have time to get an insight into by 
only an inspection technique. 
Robb Thomson: We're just about to run down. I would like to make one plug, however. 
It's a little orthogonal to most of what the Air Force and Defense Department are 
generally worried about, which is hir,h-strength relatively brittle materials, 
where the plasticity is well-contained in the part. That's the classic fracture 
mechanics situation. It's the one that most of us are most comfortable and fami-
liar with, but let me simply remind you there is another failure problem when 
you're dealing with a softer, possibly tougher material, or even the case of a 
thin structure material wherein a crack goes through. For example, a pipe with a 
crack in the girth is such a situation. There the plastic zone goes clear through 
the part to the opposite side, and ordinary fracture mechanics doesn't help you 
there at all. These are tremendously important in many applications. In this 
case we are not in very good shape from the fracture mechanics point of view. 
I would urge the NDE community to keep its eye on this problem because it's an 
important one. And as we begin to get insights from the fracture mechanics 
point of view about what are the important parameters that can be identified and 
which you need to measure, that will then be a challenge to the NDE community. 
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